To explore the nature of possible interactions between such diverse cell types, we established monolayer cultures of human fibroblasts from normal and rheumatoid articular tissue and incubated these cultures with isolated leukocytes. The peripheral blood leukocytes were isolated from normal persons and rheumatoid patients, and the lymphocyte-rich fractions and PMN-rich fractions which were prepared were added to monolayer fibroblast CUE tures to simulate the cell mixtures found in the inflamed synovial membrane. 
To explore the nature of possible interactions between such diverse cell types, we established monolayer cultures of human fibroblasts from normal and rheumatoid articular tissue and incubated these cultures with isolated leukocytes. The peripheral blood leukocytes were isolated from normal persons and rheumatoid patients, and the lymphocyte-rich fractions and PMN-rich fractions which were prepared were added to monolayer fibroblast CUE tures to simulate the cell mixtures found in the inflamed synovial membrane. Specific cellular interactions have been considered important in directing the sequences of embryonic development, and the functional performance of corneal epithelium and the cells in the underlying stroma are known to be interdependent.l The possibility that abnormal connective tissue cell function might be induced by inflammatory cells draws some support from studies demonstrating damage to fibroblast cultures caused by addition of nonimmune lymphoid cells2 Both phytohemagglutinin and streptolysin accelerated the capacity of lymphoid cells to cause plaques (i.e., a visible lesion in the fibroblast monolayer associated with cell destruction), and irradiation, cortisone, and chloroquine did not suppress plaque formation in these mixed cultures. One study indicated that lymphoid cells from patients with connective tissue diseases were more cytotoxic than those from normal per~ons.~
MATERIALS AND METHODS
Fibroblast cultures were derived from synovial tissue obtained at arthrotomy or amputation and were grown as monolayers in serum dilution bottles as previously reported.4-6 Cells were nourished by a semisynthetic medium consisting of 80 per cent medium 1066, 10 per cent fetal calf serum, and 10 per cent pooled, heat inactivated human serum supplemented with L-glutamine. Penicillin and streptomycin sulfate (100 pg./ml.) were added to the culture medium.
Separation of lymphocytes from peripheral blood was accomplished by the procedure of Coulson and Chalmers.7 Freshly drawn blood was defibrinated with glass beads" in an Erlenmeyer flask by rotating and shaking for 5 min. Defibrinated blood was added to a siliconized prescription bottle, and one part of a 3 per cent solution of gelatin) in 0.15 M NaCl was added to three parts of blood. The gelatin solution was sterilized with a Seitz filter and used fresh at a temperature of 37OC. The gelatin-blood mixture was incubated for 30 min. at 37OC, and the supernatant portion was removed. The supernatant fluid was centifuged at 200 X g for 10 min. to sediment the lymphocytes, which were recovered with a yield ranging from 15-50 per cent of those in the whole blood. Lymphocytes accounted for 70-98 per cent of the separated leukocytes. Erythrocytes were always present in varying concentrations. These lymphocytes appeared viable in that they excluded 0.4 per cent erythrosine B.8 When phytohemagglutinin was added to such lymphocyte preparations, the transformation rate was 70-90 per cent and 1-7 per cent of the cells were in mitosis. Evidence of transformation was sought after 3 days' incubation and 4-6 hours after the addition of colchicine.
Polymorphonuclear leukocytes were separated from peripheral blood using a modification of the method described by Rabin0witz.B Fresh blood was drawn in a plastic syringe containing 500 units of preservative-free heparin for each milliliter of blood. The heparinized blood was sedimented in the syringe for 1 hour at 37OC and the supematant suspension of leukocytes in plasma was transferred to a prescription bottle, using a bent needle to avoid inverting the syringe. Prescription bottles were previously washed with "Clear glass beads, 5 mm. in diameter, from )Baker and Adamson, code number 1797.
Matheson Company. concentrated nitric acid, exhaustively rinsed with double distilled water, and siliconized. Medium consisting of 80 per cent medium 1066 and 20 per cent human serum, supplemented with L-glutamine, penicillin, and streptomycin in a volume equal to X that of the plasma, was added to the prescription bottle and the mixture incubated at 37OC for 30 min. After incubation the supernatant fluid was discarded, leaving a visible layer of cells attached to the floor of the flask. A solution of buffered saline with EDTA was added immediately, and the prescription flask was gently shaken for 10 min. at room temperature while the clear saline solution became increasingly cloudy as cells detached from the glass. To wash the leukocytes from 60.0 ml. of blood, 40 ml. of the buffered saline with EDTA was used.* The cell suspension was centrifuged at 200 X g for 10 min. at room temperature. Staining with erythrosine B showed 100 per cent viability (e.g., dye exclusion). Polymorphonuclear leukocytes obtained by this method exhibited active ameboid motion when planted on fibroblasts in tissue culture flasks, and Wright stains showed preservation of cellular structure and cytoplasmic granulation. The yield ranged between 20 and 30 per cent of the initial number of PMN cells in the blood drawn and a purity of 70-95 per cent, the contaminants being primarily mononuclear cells with a few erythrocytes.
Phytohemagglutinin (PHA) used in the interaction experiments was phytohemagglutinin-P,t and 0.02 ml. of phytohemagglutinin (from the 5 ml. in the original container) was added to each 10 ml. of medium. The dry PHA was diluted with hemagglutinination buffer.)
Replicate cultures of fibroblasts were planted in either T-30 flasks or serum dilution bottles. The inoculum in different experiments ranged from 0.4 to 1.0 X 106, and each experimental group in the protocol contained three flasks. Towards the end of the fibroblast growth cycle, 5.0 X 106 washed leukocytes were added to the fibroblast cultures along with complete medium replacement. Except where specifically noted, lymphocytes were incubated for 3 days with fibroblast monolayers and polymorphonuclear leukocytes for 2 days. At the end of the 7 day growth cycle, the cultures were separated from the glass with trypsin and the resulting cell suspension enumerated and sized using a Coulter model B cell counter with the lower "Buffered saline with EDTA was made as follows: disodium EDTA, 0.2 Gm.; NaCI, 8.0 Gm.; KCI, 0.2 Gm.; N%HPO,, 1.15 Gm.; KH,PO,, 0.2 Gm.; glucose, 0.2 Gm.; and water, 1000 ml.
)Difco Laboratories, Detroit, Mich. threshold set to exclude blood cells and debris. Viability of the fibroblast suspension was estimated by the erythrosine B exclusion method. 8 The residual glucose in culture media was measured using a glucose oxidase method.10 Hyaluronic acid in culture media was measured by a method published earlier from this laboratory wherein the mucopolysaccharide is isolated and its uronic acid content determined.11 The detailed format of individual experiments can be best appreciated from the tables.
Glucose uptake was calculated from the following relation:
where C, = mg. glucose in unused medium, C, = residual glucose in medium from the final medium change in the culture cycle, T = time in days that last medium change was in contact with the culture, and the cell count is expressed in units of 1 million. The hyaluronic acid synthesis rate is also calculated from the hyaluronic acid measurement in the last medium change and the total fibroblast count, using this relation:
pg. HA/cell/day = where T = time in days during which final medium change was in contact with the cells, and the cell count refers to the total number present in the flask. As an example, the data concerning culture PGD,, flask 1 ( Table 1 ) , were calculated as follows:
40 Pg. 2 days X 1.533 X 100 HA synthesis rate = = 13.0 pg./cell/day RESULTS Synovial fibroblasts from an elbow of a patient (P.G. ) with rheumatoid arthritis produced 6.0 times more hyaluronic acid per cell per day than control cultures when interacted with allogeneic PMNRA, and 6.6 times more when interacted with allogeneic PMNN (Table 1 ). There was a corresponding increase in glucose consumption when compared to controls. Polymorphonuclear leukocytes from both sources induced a minor decrease in the mean total cell count.
When the same strain of fibroblasts was incubated with lymphocytes in a separate experiment (Table 2 ), the increase in Fibroblast inoculum was 0.4 x 106/flask, PMN,, inoculum was 4.6 x 106 cells/flask (70% purity), and PMN, inoculum was 5.0 x 106 cells/flask (80% purity). The "interaction" time was 2 days.
hyaluronate production per cell per day was over four times the control value. There was a marked increase in glucose uptake in both groups, similar to that noticed in the PMN experiment. A modest decrease in the final number of lymphocyte-treated fibroblasts was noted, also similar in magnitude to that seen with PMN leukocytes. The viability of the fibroblasts was not significantly affected by interaction with blood cells, since over 90 per cent excluded erythrosine B.
"Normal" synovial fibroblasts obtained from the wrist of a young woman (D.M.) who had had surgery for a congenital malformation were interacted with allogeneic PMNRA and PMNN. In this experiment (Table 3) , only modest stimulation of the specific rate of hyaluronate synthesis was noted. A similar increase was noted on a second occasion (Table 4) . On the other hand, when the same strain of fibroblasts was incubated with different allogeneic PMNR, on another occasion (Table 5 ) , they produced four times more hyaluronate per cell per day than the controls. It is of interest that on both occasions when the increase in hyaluronate production by the interacted cells was minimal, the "basal" rate of hyaluronate production of control cultures was high (compared with the control in Table 5 ) . In most experiments, an increase of the mean corpuscular volume of the interacted fibroblasts was recorded. (Tables 5 and  7) showed a large increase in hyaluronate formation. Erythrocytes, even when added in very large numbers, had virtually no effect on the parameters measured ( Table 7) .
The Etect of Frozen-Thawed Leukocytes
To determine whether viability of leukocytes was required to induce altered con- 10.00-10.1) 
pg./Celljday
The fibroblast inoculum was 1.0 x 106/flask; PMN, inoculum was 5.0 x 106 (95% purity); leuk, inoculum was 5.0 x 106 (45% lymphocytes); erythrocyte (erythro,) inoculum was 35.0 x 106/flask. The "interaction" time was the h a l 3 days of a 7 day growth cycle.
nective tissue cell behavior, we subjected equivalent numbers of leukocytes to three cycles of freeze-thawing and added the cell debris to fibroblast cultures, with the results summarized in Tables 4, 5, 7, and 8.
These data indicate that dead lymphocytes and, to a lesser degree, dead polymorphonuclear leukocytes, both separately and together, alter fibroblast function in the same directions and nearly to the same degree as their live counterparts. Where glucose uptake by 5.0 X lo6 viable leukocytes was measured in the absence of fibroblasts, consumption was only about 1/5 that seen in control fibroblast cultures. These data suggest that the added leukocytes themselves play little part in the increased glucose consumption, but that they accelerate fibroblast utilization of glucose concurrent with the outpouring of fibroblast-formed hyaluronate.
The Effect of Lymphocyte "Activation" on
In the presence of PHA (Table 2) , lymphocytes were adherent to the fibroblastic monolayer after about 1% hours, and afterZdentification of Culture-Produced Hyaluronate By virtue of the analytic procedure for measuring culture-produced acid mucopolysaccharides, it was clear that synovial fibroblasts added a cetylpyridinium chlorideprecipitable macromolecule containing uronic acid to the culture medium.ll While this has been adequately characterized as hyaluronic acid in media from typical synovial cultures: it seemed prudent to characterize the acid mucopolysaccharide (MPS) from leukocyte-treated cultures. Viscometric measurements controlled with The fibroblast inoculum was 1.06 x W/flask; L, inoculum was 5.0 x 106/flask (80% purity). The "interaction" time was the final 2 days of a 7 day culture cycle. treated cultures were subjected to proteolytic digestion (pronase); the mucopolysaccharide was then isolated with cetylpyridinium chloride and converted to the sodium salt. As shown in Table 9 , the mucopolysaccharide preparations were essentially protein-free and exhibited a critical salt concentration for the cetylpyridinium chloride-MPS complex typical of hyaluronate.17 In addition, the carbazo1e:orcinol ratio was typical of hyaluronate (approximately 1.0). Hydrolysis of aliquots of isolated MPS permitted measurement and identification of the hexosamine moiety, which was entirely glucosamine. In summary, the leukocyte-treated cultures made the same MPS (hyaluronate) which is characteristic of control synovial cultures; thus, the leukocyte-induced alteration in mucopolysaccharide metabolism appears to be entirely quantitative in this model system.
DISCUSSION
These experiments demonstrated that both viable and disrupted leukocytes induced overproduction of hyaluronic acid by fibroblasts when the two types of cells were associated in vitro. Both lymphocytes and polymorphonuclear leukocytes had this stimulatory effect on connective tissue cells, and neither produced measureable hyaluronic acid when cultured alone.
Recent evidence indicates that human leukocytes contain and may synthesize small amounts of acid mucopolysaccharide thought to be chondroitin sulfate.lS Since these authors needed 100 times as many leukocytes as we used, in addition to sensitive tracer methods, it is not surprising that our chemical analyses of leukocytes in the numbers used in our experiments disclosed no significant mucopolysaccharide uronic acid contribution from that source.
Analysis of the increased mucopolysaccharide formed under the leukocyte influence showed it to be hyaluronic acid, the product normally formed by fibroblasts of synovial origin. It appeared to make little difference whether the leukocytes came from normal persons or patients with rheumatoid arthritis. In the same manner, both "normal" and "rheumatoid fibroblasts were capable of responding to the leukocyte influence.
Accelerated glucose disappearance also occurred during the cellular interaction, and the magnitude of the increment in glucose uptake seemed to paralIel the increased hyaluronate formation. Accelerated glucose disappearance was always accompanied by a rapid decrease in medium pH. Since leukocytes alone removed little medium glucose, and since disrupted leukocytes also caused increased glucose disappearance, it is reasonable to conclude that the leukocytes caused the fibroblasts to remove increased amounts of glucose from the medium.
Under the conditions of these experiments, leukocytes usually induced a modest reduction in the fibroblast population. Other investigators, using microscopic methods, have described a toxic effect of lymphocytes on fibroblasts in tissue culture.2.3 The present experiments provide quantitative support for such observations and suggest that this "toxic' effect may be nonspecific, perhaps related to profound depletion of medium glucose or to hydrogen ion excess.
Phytohemagghitinin caused tight adherence of the lymphocytes to the fibroblastic monolayer and increased toxicity to the fibroblasts. Lymphocytes have previously been shown to be toxic to fibroblasts and other target cells in the presence of phytohemagglutinin.20. 21 In the present experiments, this toxicity, measured by fibroblast counts, was more profound when rheumatoid lymphocytes were the "attacking" cells. Whether this would be generally true for rheumatoid lymphocytes is unknown. Since Nowell's initial reportzz showing the ability of phytohemagglutinin to induce '8lastoid" transformation and mitosis in lymphocytes, subsequent reports have shown that the phytohemagglutinin may increase the antibody production of the l y m p h o~y t e ,~~ and one of these reportsz4 suggests that lymphocytes from a patient with acute rheumatoid arthritis in the presence of PHA showed more stimulation of globulin synthesis than lymphocytes from normal persons. The present experiments demonstrated a toxic effect of phytohemagglutinin alone on the fibroblastic monolayer, causing decrease in the fibroblast count, the phytohemagglutinin alone being more toxic in this respect than lymphocytes alone. Interaction experiments carried out in the presence of phytohemagglutinin must be considered in the light of demonstrated effects of the mitogenic agent alone on the target fibroblasts. Since the PHA effects were capricious, varying with the concentration, age, and particular batch of PHA, we found experiments which included this agent difficult to interpret, and for this reason chose to emphasize the results of experiments where leukocytes and connective tissue cells were interacted in the absence of this complicating additive. 
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